deposition data were used to provide acid deposition distributions for 2005 and 2020, following a 23 substantial reduction in SO2 and NOx emissions. Uncertain critical loads data for soils were then 24 combined with these deposition data to derive estimates of the accumulated exceedance (AE) of 25 critical loads for 2005 and 2020. For the more sensitive soils, the differences in accumulated 26 exceedance between 2005 and 2020 were such that we could be sure that they were significant and 27 a meaningful environmental improvement would result. For the least sensitive soils, critical loads 28 were largely met by 2020, hence uncertainties in the differences in accumulated exceedance were of 29 little policy relevance. Our approach of combining estimates of uncertainty in both a pollution model 30
and an effects model, shows that even taking these combined uncertainties into account, policy-31 makers can be sure that the substantial planned reduction in acidic emissions will reduce critical 32 loads exceedances. The use of accumulated exceedance as a relative measure of environmental 33
Introduction 40
The many types of uncertainty that can affect policy making and how these can be presented to and 41 then handled by policy makers, have become topics of increasing interest. Duriseti (2002) considered uncertainty in climate change policy. They suggested that whilst one 43 approach is to reduce (bound) the uncertainty by collecting more data, more understanding and 44 building better models, the other approach is to reduce the effects of (manage) any uncertainty in 45 understanding by taking it into account in policy making. This second approach can be traced back 46 to ideas about ecosystem resilience and recovery after disturbance developed in the 1970s. 47 Refsgaard et al. (2007) in a review of uncertainty in the context of water management, suggested 48 that uncertainty in its widest sense can usefully be regarded as the degree of confidence a decision 49 maker has about possible outcomes and/or the probabilities of these outcomes. Uusitalo et al. 50 (2015) suggested that uncertainty analysis can provide decision makers with a realistic picture of 51 possible outcomes, in a context where results are going to be better or worse, not true or false, i.e. 52 that environmental problems are 'wicked problems'. Whilst some types of uncertainty are 53 unquantifiable, other types can be quantified through approaches such as sensitivity analysis, the 54 use of multiple models and exploring the impact of parameter uncertainty. Here we take a 55 quantitative approach to uncertainty in the context of recovery from the problem of acidification in 56
Great Britain. We quantify and then combine the uncertainties in outputs from one acid deposition 57 model and one measure of ecosystem health to assess whether current emissions reduction policies 58 are likely to deliver ecosystem protection. We believe that this is the first effort to combine the 59 uncertainties in both these elements in a single assessment. 60
European policymakers have been concerned about the acidification of sensitive soils and terrestrial 61 ecosystems, driven by emissions of acidic species, sulphur dioxide (SO2) and nitrogen oxides (NOx) 62 since the 1970s. These concerns have led to concerted policy actions within the United Nations 63
Economic Commission for Europe (UN ECE) and the European Union (EU), designed to reduce 64 accumulated exceedance), change our perception of environmental improvement? Here we address 117 both these questions. The concerns around the implications of scientific and model uncertainty for 118 policy making that we address here in relation to acidification are relevant across a range of 119 environmental issues. 120
We address our two questions about the impact of scientific uncertainty on achieving environmental 121 protection, by exploring the impact of uncertainties in one atmospheric transport and deposition out our approach to representing uncertainty in HARM and the CL for soils data set. We describe 128 how we have combined estimates of deposition and sensitivity to acidification (CLs) to yield 129 estimates of accumulated exceedance (AE) and how we have assessed the significance of the 130 modelled changes. Our method is illustrated with reference to one 10 km x 10 km grid square in the 131 Peak District in northern England, before going on to present and discuss the results for the whole of 132 GB and consider the wider implications of this more rigorous approach for policy making. others. There are inadequacies and simplifications in the model together with site dependent factors 158 influencing the observations. Here, the view is taken that it is difficult to find a set of model input 159 parameters that uniquely fit the available observations. There may be a number of sets of 160 parameters, or combinations of parameters that are 'acceptably' consistent with the available 161 observations. This is known as equifinality (Beven, 2006) and results from the difficulty of deciding 162 between competing parameter sets and models, given the limitation of the observations. Equifinality 163 implies uncertainty and is the basis for our exploration of uncertainty within HARM. We have 164 approached this by adopting the Generalised Likelihood Uncertainty Estimation (GLUE) framework. The uncertainty in the CLs within each 10 km x 10 km grid square was addressed by assigning the CL 206 a probability distribution that was evenly distributed within the particular CL range, that is to say, a 207 'top hat' function was assumed, as shown in ). 216
The accumulated exceedance (AE) of the CLs in a given grid square was calculated using: 217 Accumulated Exceedance (keq yr . On this 237 basis, the 5% -95% confidence interval was narrow enough not to encompass zero and it could be 238 concluded that the difference in AE was statistically significantly different from zero, despite the 239 uncertainties in the deposition and CLs. However, in Figure 3 , it can be seen that the 2 -σ 240 confidence interval was not exactly symmetrical about the 50-percentile value. This lack of 241 symmetry implies a degree of skewness in the distribution of the differences in the AEs. Statements 242 about statistical significance based on the assumption of a normal distribution may not be reliable if 243
there is a high degree of skew. However, on a cautionary basis, if the range between the 50-244 percentile and the upper confidence limit was applied at the lower confidence interval, then the 5% -245 95% range would still not encompass zero. It was thus concluded that the difference in AE was likely 246 to be robust, despite the apparent skewness in its probability distribution and the uncertainties in 247 the deposition and CLs. . The skewness in the distribution for the Class 4 258 soils is clearly apparent in Figure 3 . Uncertainties were so large for the Class 4 soils that they 259 encompassed zero and so it was unlikely that they could be considered significant because of the 260 combined uncertainties in the deposition and CLs. We therefore have the situation where in one 261 10km grid square, the most sensitive soils show a large and statistically significant reduction in AE 262 whereas the least sensitive soils show a small reduction, which is not significant. This contradicts our 263 conventional notion of environmental protection that if you protect the most sensitive elements in 264 the environment from damage, then you automatically protect the least sensitive. However, 265 because CLs were actually met for Class 4 soils in three cases out of four, the small difference in AE 266 and its lack of statistical significance would not be relevant in policy terms. 267
Estimating 2005 -2020 differences in critical loads exceedance across GB 268
The methodology illustrated in Figure 2 was then followed for each of the 2772 10 km x 10 km grid 269 squares across GB. We found that the differences in AE between 2005 and 2020 for all soil classes (1 270 -4) showed that the reductions in emissions in our initial scenario reduced CL exceedances 271 throughout GB. This implies that non-linearities in the relationship between acid deposition and CL 272 exceedance were unimportant on the GB scale. This is a reflection of the illustrative emission 273 reduction scenario chosen, where there was no reduction in the emissions of NH3 across the UK and 274 very limited (4%) reduction across the rest of the EMEP area, hence, non-linearities in relation to the 275 response of S and oxidised N to changes in the emission of NHx were minimised. 276
The 2005 -2020 difference in total AE for Class 1 soils was 354,000 +145,000 -104,000 keq yr -1 (see Table 1 ) 277
The probability distribution of the AE differences is shown as a box-and-whisker plot in Figure 4 and 278 a 2 -σ confidence range did not encompass zero. Despite the uncertainties in the deposition loads 279 and CLs, this difference in AE was statistically significant. The spatial distribution in the 50-percentile 280 reductions in AE for the individual grid squares is shown in Figure 5a this dispersion differed only slightly from that shown by a 'normal' distribution. Consequently, a null 287 hypothesis that the AE reductions were due to chance could be rejected with a high level of 288 confidence. On this basis, it was concluded that the reductions in the AEs for Class 1 soils were all 289 highly significant at the 99.99% level, despite the large uncertainties in the deposition loads and CLs. 290
Although the changes for this soil class were small (Figure 4 ) they are likely to be important for these 291 most acid sensitive environments. There were a small number of grid squares, on the fringes of GB, 292
where it was difficult to make any robust statement about the policy significance of any reduction in 293 AE because of severe skewness. 294
The difference in Total AE for Class 2 soils across GB was 1,275,000 +460,000 -375,000 keq yr -1 , see Table 1  295 and Figure 4 , between 3 -4 times higher than for Class 1 soils. Again, the 2 -σ confidence range did 296 not encompass zero and so this difference was highly statistically significant. Although CL 297 exceedances were generally higher for Class 1 soils, the areas assigned to Class 2 soils were much 298 larger and so the total AE difference across GB was substantially higher for the latter. Figure 5b  299 shows the spatial distribution of the 50-percentile AE differences for Class 2 soils for each grid 300 square. The greatest reductions in AE were found in Wales, Cumbria, south west Scotland and across 301 the Scottish Highlands. Although the distributions in the AE differences were skewed, the degree of 302 skewness was considerably less than for Class 1 soils (Figure 4) . It was concluded that the reductions 303 in the AEs for Class 2 soils were all highly significant at the 99.99% level, despite the large 304 uncertainties in the deposition and CLs. Skewness was a real problem in less than 3% of grid squares, 305 the bulk of these in the Outer Hebrides. It is difficult to make any robust statement about the 306 environmental significance of the AE reduction in these locations. 307
The difference in total AE across GB for Class 3 soils was 1,010,000 +780,000 -565,000 keq yr -1 , see Table 1  308 and Figure 4 . This AE difference was somewhat smaller than for Class 2 soils despite their 309 substantially larger areal coverage because of their lower CL exceedances. Although the 2 -σ 310 confidence interval did not encompass zero, there was noticeable skewness in the distribution of AE 311 differences. As discussed above, statements about significance may not be reliable if there is a large 312 amount of skewness. However, as with the Peak District grid square, if the 50-percentile -95-313 percentile range was applied at the lower confidence interval, then the adjusted 5-percentile -95-314 percentile range would still not encompass zero. It was concluded that the difference in total AE was 315 likely to be robust, despite the uncertainties in the deposition and CLs. Figure 5c shows the spatial 316 distribution of the 50-percentile differences for the individual grid squares containing Class 3 soils. 317
The largest reductions were found throughout southern and south west England, south Wales and a 318 band from the west Midlands and into north west England. In all these regions, the reductions were 319 likely to be highly significant. However in the regions where the reductions were much smaller and 320 close to zero, skewness was again a real, issue. In ~ 25% of the grid squares, it was considered likely 321 that the reductions in AE were not significant. This resulted from the situation where CLs and 322 deposition loads were comparable in magnitude so the combination of uncertainties has become 323 overwhelming in the estimation of these small AEs. 324
The difference in total AE across GB for Class 4 soils was found to be 42,000 +275,000 -41,000 keq yr -1 , see 325 Table 1 and Figure 4 . The spatial distribution of the 50-percentile differences for the individual grid 326 squares containing Class 4 soils is shown in Figure 5d . The difference in AE is small and highly 327 uncertain (the 2-σ confidence range encompasses zero) compared with the above same values for 328 Class 1 -3 soils. Deposition and CLs were closely comparable in magnitude and so the uncertainties 329 in these quantities have been magnified in the estimation of AE differences to the extent that AE and 330 its differences have become unreliable indicators of ecosystem status for Class 4 soils. Given the 331 relative insensitivity of this class of soils to acidification it is, however, quite feasible that the 2020 332 scenario would deliver ecosystem protection. 333
Discussion and Conclusions 334
In the Introduction, we posed two policy related questions: The first question was if the current 335 models and the current CL approaches are too uncertain to identify whether proposed emissions 336 reductions will deliver discernible environmental improvement; the second question concerned the 337 impact of the change in the optimisation target from CL exceedance to accumulated exceedance. 338
We have applied the GLUE methodology to address the uncertainties in deposition models and in 339 the CLs. We have then developed a realistic hypothetical scenario for 2020 and quantified the 340 uncertainties in the estimates of the differences in AE between 2005 and 2020. The 2-σ confidence 341 limits for the AE difference for Class 1 -3 soils in the vast majority of GB locations do not encompass 342 zero (see Figure 4) and so are likely to be statistically significant. In relation to question one, we can 343 therefore say with some confidence that reductions in emissions of the order of 35% will lead to 344 reductions in AE which are not 'lost in the noise' in the deposition and CL modelling. reductions would fail to deliver environmental protection. In contrast, using the AE index gives a 360 broader measure of better or worse relative to the starting situation, even if CL are not met 361 completely. In our 2020 scenario, based on our 11,699 model runs, CLs for Class 4 soils would be 362 met 98% of the time. For Class 3 soils this declined to 67%, for Class 2 soils to 27% and for Class 1 363 soils (most sensitive) to slightly less than 1% (fewer than 116 runs of the 11,699). Only on the most 364 extreme deposition and CL uncertainty outcomes would Class 1 and 2 soils be protected. This 365 suggests that emissions reductions in line with current commitments would do little to protect the 366 most acid sensitive environments across GB (see Table 1 Much of his work has utilised Generalised Likelihood Uncertainty Estimation as a framework for 587 these assessments. 588
